Virtually all cystic fibrosis (CF) patients become infected with Pseudomonas aeruginosa, and once the infection is established, the organism is rarely cleared. One of the P. aeruginosa virulence factors, exoenzyme S, has been shown to correlate with increased morbidity and mortality both in rat models of chronic pulmonary inflammation and in human CF patients. It has previously been shown that exoenzyme S is a potent stimulus for the proliferation of T cells in greater than 95% of adults, which could contribute to the pathogenesis of CF. The goal of this study was to determine the mechanism of T-cell stimulation by exoenzyme S in an effort to shed light on the immune response and contribute to understanding its role in P. aeruginosa pathogenesis. The current studies demonstrate that exoenzyme S stimulates naive T cells, since fetal blood lymphocytes proliferated and adult lymphocytes that expressed CD45RA proliferated. The percentage of T cells activated by exoenzyme S after a 4-h culture (as measured by CD69 surface expression) was intermediate in magnitude compared to levels induced by a panel of superantigens and mitogens. To determine the mechanism of activation, the requirement for accessory cells was investigated. The proliferative response to exoenzyme S was dependent on the presence of accessory cells but was not blocked by an anti-DR antibody. Exoenzyme S activated both CD4 ؉ and CD8 ؉ T cells, but CD4 ؉ T cells were preferentially activated. The V␤ repertoire of donor T cells showed no preferential activation or preferential expansion after stimulation by exoenzyme S, suggesting that it is not a superantigen. Taken together, our data suggest that exoenzyme S is a T-cell mitogen but not a superantigen. Activation of a large percentage of T lymphocytes by exoenzyme S may produce a lymphocyte-mediated inflammatory response that should be considered in the pathogenesis of CF.
Pseudomonas aeruginosa is an opportunistic organism of immunocompromised individuals (8) . P. aeruginosa can cause both acute and chronic infections such as those seen in nosocomial pneumonia, burn wounds, septicemia, and bronchiectasis in cystic fibrosis (CF) patients. Bronchopulmonary infections are the primary cause of morbidity and mortality in CF patients (34) . It has been shown that the vast majority of CF patients by the age of 11 become colonized with P. aeruginosa (25) and that once established, this infection is rarely cleared (37) . One of the P. aeruginosa virulence factors associated with disease is exoenzyme S (15, 16, 47) . In this study, we have investigated the effect of P. aeruginosa exoenzyme S on T-cell activation and proliferation.
Exoenzyme S is a 49-to 53-kDa protein that is capable of transferring an ADP-ribose to various proteins in vitro (9) and stimulates human T cells to proliferate (32) . Approximately 90% of clinical isolates from CF patients produce exoenzyme S, and 40% of the isolates produce the enzymatically active form (48) . Moreover, increases in morbidity and mortality rates have been associated with exoenzyme S-producing strains compared to isogenic mutants in a rat model of chronic P. aeruginosa infection (47) . Screening of clinical isolates among CF patients chronically colonized with P. aeruginosa showed that acute deterioration of pulmonary function was accompanied by increased exoenzyme S production (16) . Despite the inability of antibiotics to completely eliminate P. aeruginosa from the airways of CF patients during pulmonary exacerbations, antibiotic treatment can lead to clinical improvement (37) . Interestingly, it has also been shown that exoenzyme S levels (but not bacterial load) decrease following antibiotic treatment of clinical exacerbations correlating with clinical amelioration (15, 16) . Taken together, these studies indicate that exoenzyme S plays a significant role in pulmonary exacerbations by P. aeruginosa.
Previous studies have established a role for cell-mediated immunity in host defense to P. aeruginosa. Whole-cell preparations of heat-killed P. aeruginosa induced peripheral lymphocytes to proliferate in vitro, suggesting that lymphocytes may be important in host defense (35) . Further, T cells from CF patients in advanced stages of infection have been shown to be hyporesponsive to Pseudomonas bacterial challenge, suggesting that their inability to clear the organism may in part be due to impaired T-cell function (42) . Research has therefore focused on identifying antigenic determinants of the microorganism that are recognized by T cells of normal healthy adults. We have recently reported that a purified preparation of exoenzyme S induces T cells to proliferate in over 95% of adults (32) . The high frequency of adult responders suggests that exoenzyme S may be stimulating T cells as a mitogen or superantigen. If exoenzyme S were a mitogen or a superantigen, it might have quite different implications than if it were an antigen. Mitogens such as plant lectins induce massive T-lymphocyte proliferation of naive T cells (27) . The response requires accessory cells but does not require major histocompatibility complex (MHC) molecules (19, 28) . Superantigens are produced by some bacteria and viruses and are a unique type of mitogen because they stimulate T cells based on the expression of the V␤ chain of the T-cell receptor (TCR) (22) . Superantigens induce T-cell proliferation by cross-linking MHC class II molecules of accessory cells with the V␤ chain of the TCR (12) . Because of these mechanisms, the frequencies of responding T cells to mitogens and superantigens are approximately 1:10 and 1:20, respectively, compared to 1:10 4 to 1:10 5 for recall antigens (2, 13, 26) . As a result, the large percentage of lymphocytes could initiate a deleterious inflammatory reaction rather than an antigen-specific immune response.
To investigate the mechanism of T-cell activation by exoenzyme S, proliferation of naive lymphocytes (fetal blood mononuclear cells [FBMC] and adult CD45RAϩ cells) was determined. The frequency of responding T cells was determined by analyzing the percentage of cells expressing CD69 after activation. The mechanism of activation was determined by assessing the requirement for accessory cells and for MHC class II. Finally, the V␤ repertoire of activated and proliferating T cells was determined.
MATERIALS AND METHODS
Purification of P. aeruginosa exoenzyme S. Purification was performed as previously described (49) . Briefly, P. aeruginosa DG1 was grown in aerated S medium containing 1 g of NH 4 Cl, 3 g of Na 2 HPO 4 , 5 g of NaCl, 0.1 g of MgSO 4 , and 27 g of sodium succinate (per liter of distilled water) for 18 h at 32°C. Cultures were then centrifuged at 4°C for 20 min at 10,000 ϫ g. Ammonium sulfate was added slowly to the culture supernatant to 60% saturation and incubated overnight at 4°C. Supernatants were then centrifuged at 15,000 ϫ g for 30 min at 4°C to obtain the precipitated protein. The precipitate was dissolved in 100 ml of 0.05 M Tris hydrochloride buffer (pH 8.0) and dialyzed overnight at 4°C against 6 liters of the same buffer. The dialyzed material was then applied to a DEAE-Sephacel column (Pharmacia) previously equilibrated in Tris buffer. Elution was performed with a linear gradient of 0.01 to 1.01 M NaCl in Tris buffer. Protein-containing fractions were collected by measuring the A 280 . The fractions eluting at 0.4 to 0.5 M NaCl were then pooled, and additional NaCl was added to make the final concentration 1 M. This solution underwent acetone (previously cooled to Ϫ20°C) precipitation in an ice-salt bath, with the solution temperature never allowed to rise above 3°C. When the acetone concentration reached 33%, the solution was allowed to cool to 0°C and equilibrated for 15 min. The acetone solution was centrifuged at 5,000 ϫ g for 20 min at 0°C, and the precipitate was redissolved in a small volume of Tris buffer and dialyzed overnight at 4°C in 6 liters of the same buffer. The dialyzed material was finally applied to a G-100 gel filtration column previously equilibrated in Tris buffer, and protein-containing fractions were detected by measuring the A 280 . Endotoxin levels were measured by using a Limulus amebocyte lysate kit (Associates of Cape Cod, Woods Hole, Mass.) according to the manufacturer's protocol and determined to be less than 0.2 g per g of exoenzyme S. This concentration of lipopolysaccharide does not cause T-lymphocyte activation (CD69) or proliferation {tritiated thymidine ([ 3 H]TdR) incorporation}. Exoenzyme S purified as stated above does not contain ADP-ribosylation activity, migrates as a single, homogeneous band on sodium dodecyl sulfatepolyacrylamide gel electrophoresis and is not contaminated with other cell proteins, including flagellin. Recombinant exoenzyme S was purified from P. aeruginosa PA103 harboring the pUCPexoS expression vector, a kind gift from D. Frank and J. Barbieri (University of Wisconsin). The monoclonal antibody (MAb) against DG1 exoenzyme S (9.49.9) reacts with the 49-and 53-kDa proteins produced by P. aeruginosa 388 (46a). Further, MAb 9.49.9 neutralizes CD69 expression by DG1 exoenzyme S and also neutralizes CD69 expression by recombinant exoenzyme S (unpublished data).
Isolation of peripheral blood leukocyte populations. Peripheral blood was obtained from healthy adults by venipuncture. Peripheral blood mononuclear cells (PBMC) were isolated by centrifugation (800 ϫ g, 20 min) over a FicollHypaque density gradient (C-six Diagnostics Inc., Mequon, Wis.). Mononuclear cells were harvested and washed three times in Hanks' balanced salt solution (Gibco, Burlington, Ontario, Canada). Blood was also collected from the umbilical vein of fresh human placenta, and FBMC were isolated similarly to PBMC. Residual erythrocytes were removed by a 3-to 5-min lysis treatment (0.15 M NH 4 Cl, 0.01 M NaHCO 3 , 0.001 M EDTA). Viable cells were then counted by trypan blue exclusion as visualized by light microscopy. Cells were resuspended in medium containing RPMI 1640 (Gibco), 5% human AB serum (BioWhittaker, Walkersville, Md.), penicillin (100 U/ml), streptomycin (100 g/ ml), amphotericin B (0.25 g/ml), 2 mM L-glutamine, 1 mM sodium pyruvate, and 0.1 mM nonessential amino acids (all from Gibco).
To isolate T cells, PBMC were plated in petri plates (Corning Glass Works, New York, N.Y.) in the presence of RPMI 1640 for 1 h at 37°C and nonadherent populations were collected by rinsing twice in medium. The nonadherent cells were then rosetted to 2-aminoethylisothiouronium bromide (AET)-treated sheep erythrocytes (SRBC; Cedarlane, Hornby, Ontario, Canada) as previously described (21), with minor modifications. Briefly, 20 ml of AET solution was added to 5 ml of washed SRBC for 15 min at 37°C. AET-treated SRBC were made to 5% by addition of 20% human serum-RPMI 1640. AET-treated SRBC were added to nonadherent cells (Ͻ10 ϫ 10 6 cells/ml) at a 1:2 ratio. The suspension was incubated at 37°C for 10 min, centrifuged (500 ϫ g, 10 min), and refrigerated overnight. Rosette-positive cells were finally passed through a nylon wool column (20) , and nonadherent cells were collected. T cells isolated in this fashion were typically Ͼ95% CD3 ϩ as analyzed by flow cytometry. Cells that were adherent to plastic after a 1-h incubation and irradiated (3,000 rads) were used as a source of accessory cells.
To obtain CD45RA-and CD45RO-enriched cells, nonadherent cells were depleted of CD45RO or CD45RA cells by immunomagnetic separation. Briefly, nonadherent cells were incubated with either anti-CD45RA (L48) or anti-CD45RO (UCHL-1) antibody (Becton Dickinson) for 30 min at 4°C under gentle agitation. The cells were then centrifuged (800 ϫ g, 10 min), and the supernatant was discarded. The cells were washed three times in phosphatebuffered saline containing 2% fetal calf serum (Gibco). M-450 Dynabeads conjugated with goat anti-mouse antibody (Dynal, Oslo, Norway) were added at a bead-to-target cell ratio of 3:1 for 10 min at 4°C under gentle agitation. The labeled cells were removed with a magnet (Dynal). The enriched populations contained Ͻ3% contaminating cells of the reciprocal subset as analyzed by flow cytometry. Irradiated (3,000 rads) adherent cells (10 5 ) were added (1:1) to the enriched cells as a source of accessory cells.
Lymphocyte proliferation assays. Exoenzyme S (10 to 0.001 g/ml) was added to 2 ϫ 10 5 PBMC (or FBMC) and incubated for 7 days (predetermined optimal day for proliferation, 32) in 96-well round-bottom plates (Nunc, Roskilde, Denmark). Eighteen hours before the end of incubation, 1 Ci of [ 3 H]TdR was added. Cells were harvested on glass filters, and counts per minute was determined in a liquid scintillation counter. As controls, the superantigens (staphylococcal enterotoxin A [SEA], SEB, SEC-2, SEE, and toxic shock syndrome toxin 1 [TSST-1]; Toxin Technologies, Sarasota, Fla.) and the mitogenic lectins (concanavalin A and phytohemagglutinin [PHA]; Sigma, St. Louis, Mo.) were all used at 1 g/ml and harvested on day 3. Tetanus toxoid (10 Ϫ2 Leaf [Lf] units; Connaught, Willowdale, Ontario, Canada) was used as a recall antigen control and harvested on day 7.
For MHC molecule blocking experiments, anti-DR MAb L243 (Becton Dickinson) was washed three times in phosphate-buffered saline before use to remove azide. PBMC (2 ϫ 10 5 ) were pretreated for 1 h with 3 g of anti-DR or isotype control (Becton Dickinson) per ml and then stimulated with or without 1 g of exoenzyme S per ml for 7 days. As a positive control, PBMC stimulated with TSST-1 were used to ensure that anti-DR can block class II-mediated responses.
Analysis of lymphocyte activation and lymphocyte subsets. PBMC were stimulated in culture for 4 h. Cells were labeled with CD69-phycoerythrin (PE) and CD3-peridinin chlorophyll (PerCP) (Becton Dickinson). In some experiments, fluorescein isothiocyanate (FITC)-conjugated anti-V␤ MAbs (V␤-2, -3, -5a, -5b, -5c, -6, -8, -12, and -13; all from T Cell Diagnostics) or FITC-conjugated anti-CD4 or anti-CD8 (Becton Dickinson) was used in conjunction with anti-CD69-PE and anti-CD3-PerCP for simultaneous three-color immunolabeling. FITC-and PE-conjugated isotype-matched antibodies (immunoglobulin G1 [IgG1]-FITC, IgG1-PE, and CD3-PerCP; Becton Dickinson) were used as control antibodies. The percentage of cells within each V␤ subset that expressed CD69 was determined at 4 h. Net values were calculated by subtracting the percentage of positive cells in the unstimulated group from the values of the experimental groups. After 7 days of culture, the total number of cells in each V␤ subset was also determined. Fluorescence analysis was performed by using Lysis II software on a FACScan fluorocytometer (Becton Dickinson). The percentage of activated CD4 and CD8 T cells was determined by two-color dot plot analysis. Activated T-cell subsets were determined by dividing the number of doublepositive cells (quadrant 2) by the sum of double-positive cells (quadrant 2) and single-positive cells (quadrant 4) (i.e., 100 
RESULTS
Fetal cord mononuclear cells proliferate in response to exoenzyme S. Previous experiments using DNA quantitation showed that exoenzyme S selectively induced fetal T cells but not B cells to enter cell cycle (data not shown). To determine whether exoenzyme S was capable of stimulating fetal cord lymphocytes to proliferate, FBMC (2 ϫ 10 5 ) were cultured with various concentrations of exoenzyme S (0.1 to 10 g/ml). FBMC showed a dose-dependent proliferation to exoenzyme S between 0.5 and 10 g/ml, while tetanus toxoid (a recall antigen control) did not induce significant proliferation (Fig. 1 ).
This result suggests that exoenzyme S is capable of stimulating naive T lymphocytes to proliferate.
Naive and memory T cells proliferate in response to exoenzyme S. CD45RA is expressed by naive T cells, while CD45RO is expressed by memory T cells (36) . To determine whether T cells bearing the CD45RA isoform are capable of proliferating to exoenzyme S, we depleted nonadherent adult cells of either CD45RA ϩ or CD45RO ϩ cells. CD45RA-and CD45RO-enriched cells were stimulated with exoenzyme S (0.1 g/ml) in the presence of irradiated adherent cells as a source of accessory cells. Exoenzyme S was capable of inducing both CD45RA-enriched and CD45RO-enriched populations to proliferate ( Fig. 2A) . This finding demonstrates that T cells expressing the phenotype of naive and memory cells proliferate in response to exoenzyme S. Conversely, tetanus toxoid could induce only CD45RO-enriched cells to proliferate, while the T-cell mitogen PHA induced significant proliferation in both CD45RA-and CD45RO-enriched cultures (Fig. 2B) . Additionally, the ratio of activated (i.e., expressing CD69) CD45RA cells to CD45RO cells stimulated with exoenzyme S was similar to that in PHA-stimulated cultures (data not shown), while tetanus toxoid predominantly activated cells enriched for the memory phenotype.
T-lymphocyte activation by exoenzyme S. To compare the percentage of T cells that become activated by exoenzyme S to the percentage of T cells activated by antigens, superantigens, and mitogenic lectins, we measured the expression of an early T-cell activation marker. CD69 is an early inducible marker found on activated T cells (6) , and its surface expression is detectable within 2 h of stimulation (44) . To determine early T-cell activation events directly due to these stimuli and reduce nonspecific bystander activation, we measured CD69 expres- . Cultures stimulated with PHA were harvested on day 3, and cultures stimulated with exoenzyme S or tetanus toxoid were harvested on day 7. The experiment was repeated three times with similar results. ‫,ء‬ P Ͻ 0.05 calculated by ANOVA compared with the corresponding unstimulated group. NS, nonsignificant difference compared with the corresponding unstimulated group. sion after stimulation for 4 h. While the kinetics for induction and duration of CD69 expression by exoenzyme S, superantigens, and mitogens are different (unpublished data), these stimuli consistently induced significant T-cell activation at 4 h. Exoenzyme S stimulated a large percentage of peripheral T cells to express CD69 (Fig. 3) . The percentage of T cells activated by exoenzyme S was 10 to 17% greater than that induced by any of the staphylococcal superantigens tested. However, fewer T cells were activated by exoenzyme S than by PHA or anti-CD2. The recall antigen, tetanus toxoid, induced minimal T-cell activation over background (unstimulated mean ϭ 11.78% Ϯ 2.13%, n ϭ 19; tetanus toxoid mean ϭ 16.64% Ϯ 5.71%, n ϭ 4).
Accessory cells are necessary for the proliferative response to exoenzyme S. Previous experiments show that T cells are the predominant lymphocyte population that proliferate in response to exoenzyme S (32). Treatment of T cells with a phorbol ester and calcium ionophore induces significant lymphocyte proliferation (45); however, accessory cells are required for the proliferative response of T cells when stimulated with antigens or mitogens (28, 41) . Experiments were designed to determine whether the proliferative response was dependent on accessory cells or whether exoenzyme S is capable of bypassing the cell surface molecules that are required for physiologic T-cell responses. T cells were stimulated with or without irradiated accessory cells. Exoenzyme S could not induce the T-cell-enriched population to proliferate, but addition of irradiated accessory cells reconstituted the response (Fig. 4A) , suggesting that the proliferative response of T cells to exoenzyme S is dependent on accessory cells. To ensure that T cells   FIG. 3 . Induction of CD69 expression on peripheral T lymphocytes. PBMC were cultured with 1 g of exoenzyme S (Exo S) per ml, 10 Ϫ2 Lf units of tetanus toxoid, 1 g each of SEA, SEB, SEC-2, SEE, or PHA per ml, or 10 l of anti-CD2/CD2R for 4 h. Samples were harvested and labeled with anti-CD69-PE/anti-CD3-PerCP. The percentage of CD3 cells expressing CD69 was determined. ‫,ء‬ P Ͻ 0.05 using repeated measures of ANOVA based on the Laird-Ware mixed model compared with the unstimulated group; NS, nonsignificant difference compared with the unstimulated group (n ϭ 19 for unstimulated and exoenzyme S; n ϭ 13 for SEB; n ϭ 8 for PHA; n ϭ 5 for SEE; n ϭ 4 for tetanus toxoid; n ϭ 3 for SEA, SEC-2, and anti-CD2/CD2R).
FIG. 4. Antigen-presenting cells are required for T-cell proliferation to exoenzyme S. PBMC or purified T cells with and without accessory cells (AC)
were incubated with 1 g of exoenzyme S (Exo S; A) or 10 g of concanavalin A (Con A; B) per ml. Cultures stimulated with concanavalin A were harvested on day 3, while cultures stimulated with exoenzyme S were harvested on day 7. The experiment was repeated three times with similar results. ‫,ء‬ P Ͻ 0.05 calculated by ANOVA compared with the corresponding unstimulated group; NS, nonsignificant difference compared with the corresponding unstimulated group.
were depleted of accessory cells, concanavalin A was used. T cells were incapable of proliferating to concanavalin A unless irradiated accessory cells were added, suggesting that a high degree of purity was attained (Fig. 4B) (41) .
MHC molecules are not required for exoenzyme S-induced proliferation. The previous experiments were able to show that accessory cells are required for T-cell proliferation to exoenzyme S. To determine whether MHC molecules were involved in the presentation of exoenzyme S, we pretreated PBMC with anti-DR or isotype control MAb for 1 h before the addition of stimulus and determined the proliferative response by [ 3 H]TdR incorporation. Treatment with anti-DR or isotype control did not significantly abrogate the proliferative response to exoenzyme S (Fig. 5A) , suggesting that MHC is not directly involved in the presentation of exoenzyme S to T cells. In control experiments, we confirmed that anti-DR antibody blocked the response to the superantigen TSST-1 but not concanavalin A (Fig. 5B) (39) .
Exoenzyme S preferentially activates CD4 ؉ T cells. Preferential activation of T-cell subsets has been demonstrated for a number of stimuli. Superantigens such as streptococcal erythrogenic toxin A and SEB have been shown to preferentially activate CD4 ϩ over CD8 ϩ T cells (1, 23) ; other stimuli such as Candida albicans antigen preferentially activate CD8 ϩ T cells (30) , while the mitogen concanavalin A does not preferentially activate either subset (5). We therefore designed experiments to determine whether there was preferential activation of either T-cell subset after exoenzyme S stimulation. The expression of CD69 was analyzed on both CD4 ϩ CD3 ϩ and CD8 ϩ CD3 ϩ T-cell subsets, calculated as described in Materials and Methods. Exoenzyme S preferentially activated CD4 ϩ over CD8
ϩ T cells at a ratio of 2:1, which was similar to results for both SEB and SEE (Fig. 6) . PHA induced 1.5 times more CD4 ϩ T cells to express CD69 than CD8 ϩ T cells, while tetanus toxoid did not show preferential activation of either subset. These data suggest that the activation profile of responding T cells to exoenzyme S is similar to that of responding T cells stimulated with mitogens and superantigens.
Exoenzyme S does not induce oligoclonal activation of T cells. In contrast to mitogens, superantigens oligoclonally activate T cells based on the V␤ elements of the TCR (12) . Experiments were performed to determine whether exoenzyme S was capable of preferentially activating T cells based on their TCR V␤ expression. Exoenzyme S activated T cells bearing all of the nine V␤ elements analyzed (Fig. 7A) , while SEE, a control superantigen, caused a preferential activation of T cells bearing V␤8 and failed to activate V␤12 (Fig. 7B) . Additionally, after 7 days of stimulation with exoenzyme S, there was no apparent increase or decrease in the percentage of T cells bearing any of the 9 V␤ elements analyzed (Fig. 7C) . By contrast, SEE caused a significant increase in the percentage of T cells bearing V␤8 and a concomitant decrease in the percentage of cells bearing V␤12 (Fig. 7D) . Therefore, exoenzyme S did not induce oligoclonal activation or proliferation in PBMC cultures, suggesting that it is not a superantigen.
DISCUSSION
We have made five observations regarding the T-cell response to P. aeruginosa exoenzyme S. (i) Exoenzyme S is capable of inducing immunologically naive T cells to proliferate. This study was undertaken to determine whether exoenzyme S is a recall antigen or a mitogen or whether it has the characteristics of the unique subset of mitogens known as superantigens. We have provided four pieces of evidence that exoenzyme S is a T-cell mitogen. First, exoenzyme S stimulates fetal lymphocytes. Over 90 to 95% of human fetal lymphocytes express naive T-cell markers (7, 18) , and mitogens induce fetal lymphocytes to proliferate whereas recall antigens do not (17, 43) . Second, adult T cells that are immunologically naive express the CD45RA isoform of the CD45 molecule (36) . CD45RA-enriched lymphocytes proliferated in response to exoenzyme S, which suggests that exoenzyme S is a mitogen. Third, exoenzyme S activated a large percentage of T cells; the percentage of T cells activated by exoenzyme S was far greater than that induced by a recall antigen and intermediate between a panel of superantigens and mitogens. Finally, T-cell proliferation to exoenzyme S is not blocked by an anti-DR antibody as is the case with other well-characterized mitogens (39) . Previous data which show that greater than 95% of tested adults proliferated to exoenzyme S in vitro are also consistent with a T-cell mitogen (32) .
Our data suggest that the mitogenic activity of exoenzyme S is specific for T lymphocytes. This inference is supported by our observations that T cells require an accessory cell, that B cells proliferate only in the presence of activated T cells (32) , and that the 53-kDa form of exoenzyme S strain 388 does not FIG. 6 . T-cell subset activation by exoenzyme S. PBMC cultures were stimulated with 10 Ϫ2 Lf units of tetanus toxoid or with 1 g of staphylococcal superantigens, PHA, or exoenzyme S (Exo S) per ml for 4 h. Samples were then harvested and labeled with FITC-conjugated anti-CD4 or anti-CD8 and anti-CD69-PE/anti-CD3-PerCP. The net percentage of CD4 ϩ CD3 ϩ or CD8 ϩ CD3 ϩ cells that expressed CD69 was determined as described in Materials and Methods. ‫,ء‬ P Ͻ 0.05, using a paired Student t test compared to the corresponding CD4 ϩ group; NS, nonsignificant difference compared with the corresponding CD4 ϩ group (n ϭ 4 for SEE; n ϭ 5 for tetanus toxoid, SEB, and PHA; n ϭ 6 for exoenzyme S). 
enhance [
3 H]TdR incorporation in fibroblasts or epidermoid cells (33) .
Our previous observations demonstrated that the T-cell response to exoenzyme S had characteristics of a mitogen but that it also had characteristics of a recall antigen. The features of the T-cell response which suggested that exoenzyme S was a recall antigen included slow kinetics and a relatively low magnitude of proliferation (32) . The delayed kinetics and the relatively low magnitude of proliferation (32) may be explained by a number of different, nonexclusive possibilities. First, exoenzyme S could stimulate T cells but bypass the TCR-dependent pathway. That is, exoenzyme S may be capable of activating T cells in a manner similar to that for RANTES, which involves a kinase-independent pathway and results in many physiological changes but fails to induce a brisk proliferative response (4). We believe that this possibility is unlikely since the T-cell response to exoenzyme S required accessory cells, which is consistent with findings for other T-cell mitogens (28, 41) and superantigens (12, 22) . Second, it may also be possible that exoenzyme S induces an aberrant signal which allows for early events of T-cell activation (i.e., acid and intracellular calcium release and CD69 expression) but which fail to optimally induce terminal events such as proliferation (10) . This implies that the defect in signalling occurs distal to early signalling events and prior to commitment and entry into S phase (40) . This activation-induced arrest may occur as a direct result of exoenzyme S on T cells or indirectly through an inhibition of costimulatory signals from the accessory cells. Last, exoenzyme S may activate T cells but also induce some of them to undergo programmed cell death (apoptosis), thus reducing the number of proliferating lymphocytes. The increased expression of early markers of T-cell activation (i.e., CD69) is consistent with the surface phenotype of some T cells in early stages of apoptosis (24) . Studies to determine the mechanism of this relative defect in T-cell proliferation by exoenzyme S are ongoing.
We have demonstrated that exoenzyme S preferentially activates CD4 ϩ T cells over CD8 ϩ T cells, a phenomenon common to the mitogenic lectins and superantigens that we tested. Although CD4 cells were preferentially activated, it is unlikely that observed activation of CD8 cells is due to a bystander effect from CD4-derived cytokines since the activation was determined at 4 h, which is prior to production of T-cell growth factors by T cells (14) . Previous studies have demonstrated that the superantigen-mediated interaction between the TCR and MHC class II is in some cases stabilized by the CD4 molecule and therefore a greater number of responding CD4 ϩ T cells are activated, although both subtypes respond (1, 23, 38) . Although PHA preferentially induced CD69 expression on CD4 ϩ T cells more efficiently than CD8 ϩ T cells, the difference was not as pronounced as for exoenzyme S or the superantigens. PHA can utilize the CD4 molecule to stimulate T cells (31) , and this may explain the preferential expansion of CD4 cells. In contrast, expression of CD69 following stimulation with the recall antigen, tetanus toxoid, did not show preferential activation of either subset. We have no data to suggest that the T-cell response (activation or proliferation) to exoenzyme S utilizes the CD4 molecule; however, we cannot exclude this as a possible explanation for the preferential T-cell activation induced by exoenzyme S.
A number of bacterial mitogens stimulate T cells as superantigens. Superantigens bind and cross-link MHC class II on the accessory cell with a restricted repertoire of V␤ elements of the TCR, resulting in stimulation of T cells bearing these V␤ elements but not others. Since exoenzyme S is a bacterial mitogen, we were interested in determining whether it was a superantigen. Two pieces of evidence suggest that exoenzyme S is not a superantigen. First, antibodies to MHC class II block the response to superantigens such as TSST-1 (39) but did not block the response to exoenzyme S. It should be noted that our data do not exclude the possibility that exoenzyme S possesses a binding site that allows cross-linking of the TCR with MHC that is not hindered by the anti-MHC antibody that we used. Therefore, we performed experiments to determine whether there was oligoclonal activation or oligoclonal proliferation of V␤ subsets. We found that exoenzyme S activated all of the subsets tested rather than causing oligoclonal activation or expansion of V␤ subsets. Thus, our data are most consistent with exoenzyme S being a mitogen but not a superantigen.
The outcomes of the T-cell responses to mitogens, superantigens, and antigens are quite different. Although T-cell responses in vivo are complex, in general, mitogens and superantigens are both capable of inducing a nonspecific inflammatory response and superantigens can also promote a subsequent state of unresponsiveness (29) or programmed cell death (29, 46) . In general, antigens stimulate T lymphocytes for Bcell help, for delayed hypersensitivity, and for production of memory cells. Thus, recall antigens are capable of stimulating an effective immunologic response resulting in enhanced host defense, while stimulation by mitogens and superantigens results in inflammation and, potentially, impaired host defense.
T-lymphocyte activation has been implicated in the onset of pulmonary inflammation in CF patients (3, 11) . As a mitogen, exoenzyme S may contribute to this chronic state of inflammation by activating a large percentage of naive T cells as they are recruited to the lung. This could in turn cause the secretion of a number of proinflammatory cytokines. Certainly, the overproduction of T-cell-derived cytokines could contribute to respiratory exacerbations of disease in CF patients. Therefore, the T-cell-derived mediators could promote a chronic state of inflammation and impede host clearance of the organism in CF patients. Understanding the mechanism of T-cell activation by exoenzyme S will help direct future therapeutic strategies. This study suggests that strategies aimed at downregulating the Tcell response to exoenzyme S would benefit CF patients. These strategies could potentially subvert a large but ineffective inflammatory response, reducing pulmonary damage.
